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*** IMMISCIBLE LIQUIDS AND VATCWRS ID SOIL: 
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E. Hct**!!, S. Sttclouy uul D. Farrlsh 

D*parca«nc of Civil Enjlncirlng 
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Uaccrloo. Ontario, N2L JGI 

AUSTRACT 

This paper provide* • juamary et aoM recant teiuUa froa an on- 
going retaarch programna itudyltig the tranaporc and control of haiardoui 
l«il*clble llqulda and their vapouri In aoll anvlronBenca . Reaulca ere 
preaented on Uia tranaport of pentana vapour* fro» two different liquid 
aouree configuration* within a long. Chin chaaber containing dry aand. 
The raiulta were Chen euccetefully almilated ualng a two-dlaanaianal 
■athenaticel aaai traneport Bodel and theae *lmil*tione are *ho«i 
graphically. The paper elio provldee prellalnary reeult* fro« 
laboratory acale eaperlieent* exanlnlng air venting a* a Man* of 
reiKJvlng volatile »olvente froB soil. One iuch experl»enc Involvee en 
air purge of 50 c« of aand with the lower quarter of the coluien 
containing hexane at reildual taturation. The reaults »hov an increaee 
In hexene content of the exheuat gaa to near aaiblent vapour preasure end 
Chen a decrease ai the liquid in Che aoll reachee depletion. A mas* 
balance showed a oeerly coaplete recovery of Che hexene. Subsequent 
experlaent* have studied the lispacE of air flow rate, aouree geometry 
and eir flow conflgureclon on recovery efficiency. Expertaentel work 
has alio been done to exa«tne vapour adaorptlon on soil and recent 
resulta are presented. 

INTRODUCTIQW 

This paper presents sone recent rcsulct of (cudiea on the behavior 
of limlsclble liquids end their vapours in eoll. This is part of a 
reseerch progtaiSM that hae been underwey for Che past four and one-half 
yeets et the University of Waterloo in the Deparcmenc of Civil 
Engineering. The work has been Jointly supported by the Ontario 
Nlniscry of the Environnenc (Project Ho. 3J4PL) end Che Neturel Sciences 
end Engineering Research Council (HSERO . 

Uhlle both liquid end vapour behavior are being exaalnad as a part 
of Che reaearch prograBse. this paper deals primarily with recent vapour 
invesclgacioti*. Three dlaclnct topics are eddreaaed. 

1. Testing Che aultabillcy of a previously developed vapour 
cranaport Kidel to slBulate Uboretory experUencal reaults on 
ha£ardoua vapour ■ovenent is eoll. 

2. The design end uaa of experl»enta to study the adeorpclon of 
vapours onto aoil. 
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J. Exp«rlB«nc« CO Inveacigat* the p«r«iiieteri which «ff«cc the 
design And perforiunce of forced elr venting sysceiis to remavt 
volatile organic solventa from eoll. 

The equipment and experlsencal result! for topic 1 . have been 
deacrlbed previously (Farquhar £t ll . , 1987). The nodel simulations and 
all of the inforaatlon preaenced on topics 2. and 3. have hovever not 
been presented prior to this. 

SIWUVTI OH OF EXFERIHEOTS OB VAPOHR ■ntAWSPOBT IN snTt. 

Two types of axperlBents were completed In the scudy of vapour 
transport through soil- one Involving a vertical coluisn of soli. 7.0 cm 
in dlaneter and 36.0 cb long and Che other using a rectangul»r flta 
chaaber. 3.7 m long, 1.2 a high and 0.15 ■ wide. These pieces of 
equlpaenc, shovn in Figures 1 and 2 respectively, and their operation 
have been described In detail elsewhere (farquhar. si tl- , 1987) and 
only a brief sunnary U given here. It wee possible with the column to 
add a vapour source to either Che top (headspace) or Che bottom 
(footspace) of the colunn and then to observe its moveoent through the 
soil sample by means of vapour extraction at the saispllng ports. 
Pressure neasurenencs across the soil colunn were also taken. Soils 
included dry sands (■otsture content < H w/w) and nethene as a gas and 
pentane, hexane and acetone as vapours froB liquid sources were used. 
The duration of Che experlisenes ranged up to 95 hours. 

The sane tolls and vapours uere also uaed In the rectangular flux 
chamber. It was possible to incroduce vapours ac cho base of the 
chamber Co simulace vapour movement away from a pool of solvent perhaps 
lying on the zone of saturation. The apparatus for generating a bottom 
vapour source consisted of a prlsmatically shaped trey In which variable 
liquid surface areas could be maintained. Vapours moved upwsrd from the 
tray through a stainless steel screen and into the soil. A second 
device was used to simulate a liquid vapour source suspended above the 
rone of sacuraclon- This involved an external flask containing liquid 
connected to a perforated teflon tube Inside the chamber. Vapour 
produced in the flask moved through Che pipe and Into the chamber. 
Vapour transport throughout the chamber was detected with Che use of 
•yrlnges inserced at the aanpllrg ports shown on Figure 2. Gas 
chromatography served Co quanclfy vapour concentrations In the samples 
collected. 

The data collection programme encomptiud over 30 expertments In 
which vapour transport away from the source was measured. Transport 
model slmulacions were performed on several of these and samples of 
these simulations comprise a part of this paper. 

I. The .Vapour Transport Hode^ 

The vapour transport model <AJ52D) used In these simulations Is an 
adaptation of an earlier model developed as a pact of this research 
programme (Allan ai tl . . 1985). The model aolves equations for fluid 
flow through porous media In cwo dimensions based on the principles 
eatabllthed by Bear (1972) with vapour concencraclone expreased on a 




molar balla. DenslCy driven flow resulclng from body forces, diffusion 
as well aa pressure gradient flow, verlablllcy in soil type and soil 
moisture concent and reactions beciraan aoll and vapour are all features 
which have been tiworporated into the model. Either concentration 
specified (Dlrlchlot) or flux specified (Cauchy) condlclona can be 
specified aC the soil boundaries. Solution to the partial differential 
equations la achieved through the use of finite element methods and, in 
particular, tha Calerkin Method of Weighted Residuals. 

The original isodel was adjusted by Kell (1918) for execution on a 
personal computer (IBM PC compatible) with 360 k memory. It was revised 
to accoMsodate transient pressure distributions to account for density 
dependent flow end was used in this form for all simulations. 

2. Simulation of Experlmenc Results 

The dace on aoll and vapour properties used In the slmulacions mtm 
sumarlzed In Table I. Flnlce element slxe and shape and time steps 
used are described elaewhere (Kell, 1988). 

2.1 Column Exp eriment Simulation 

The Infonsstlon in Figure 3 Involves the dovnward transport of 
acetone vapours through a vertical column of sand from a liquid source 
In cho headapace. The average acocona vapour concentration at the 
source (C ) was 15. 1« v/v. The upper portion of the figure shows actual 
data colleeted ac the sampling potcs afcer 25, 45, 100 and 200 minutes. 
The nonlinear shapes of the curves are consistent with transport induced 
by hoch diffusion and density driven flow. The density of acetone Is 
groster than that of air and chus a downward force vss operative. 
Diffusion only, as seen with the experiments on the downward cransporc 
of methane (llghcer Chan sir), produced linear relationships on similar 
plots (Farquhar. £l 4i- . 1987). 

The lower portion of the curve shows AB2D medel simulations of the 
actual data aeasured at 200 minutes. The simulation with only diffusion 
and body force induced trenspoTt with DIrlchlet boundaries at both the 
top and bottom of the column did not fit the data well. Ttie fit was 
improved with Che incliuilon of a source pressure (AP) - 5.0 Ps (pressure 
gradient of 13.3 Pa.m'^). This is a very small pressure grsdlenc and 
noc detectable with the asnoaeters in use at the time of 
expeciatncatlon. Although the source headapace was open to the 
atmosphere through 2-10 ca orifices, some pressure buildup due ro 
acecone volaclllzatlon could be expected. Hore recenc experlmancs using 
a pressure transducer did detect saall pressure eccuaulatlons In the 
range from 5 to 10 Pa. 

A sampling port located at Che boccoa of the coluan between the 
sand and the supporting screen yielded acetone vapour eoncencraclons on 
the order of H v/v as opposed to che 0» v/v coneentraclon DIrlchlet 
boundary condlcion assumed in the slmulsclon. Thus a Cauchy flux 
boundary appeared to exist et this outlet point of the column. Although 
the AD2D model csn accept a Cauchy flux boundary at the outleC. there 
were no means available ac che time Co quantify chis flux. 
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Exi>«rllMnt»l r»»ulM •nd th«lr •IjBil.tlon »lt •hoim In * •Imllar 
way on Figure 4 for ch« upward transport of acatona frem a bottoa liquid 
aourca. Early In tha axparlBont (at 25 and 45 alnutaa) tha oonllnaar 
natur. of Cha transport la qulta evident,. Sacauaa acetone vapour la 
heavier than air. It la aeeuBulatlng Bora in tha lower portion of Che 
aoll and is moving upward by diffuaton and poaalbly due to a aaall 
preaaure gradient. Aa ahown in Che lower aec of curvea alnmlating the 
vapour position after 200 slnutea. the addition of a i P - 5 Pa Improved 
the alBulaClona greatly although thia preaaure head was below tha 
datacclon llalts of tha equlpaent used. 

In general, the ability of the Bodel to alaulate the one- 
dlMnalonal column exparlaiencal data, given the Incona latencies in tha 
input Infgniation noted above, was quite good. Thla also proved to be 
the c.«. for other aand column experlMnCa performed using Mthane and 
pantane as migrating vapours. 

2,2 Two Dlnans lonal Vapour Flux Chamber EilBttlBtntt 

Acetone as a Bottom Vapour Source 

The information presenced In Figure 5 ahows eiperlmencal data and 
tranaporc model atmulations for acetone vapour movement in Che two- 
dimensional flux chamber. The acetone aource waa a pool of liquid 
located beneath tha soil aC the midpoint ot the chamber bottom. The 
sides and ends of the chamber were sealed while Che top of the aoll was 
open to allow vapour discharge. The data are presented as vapour 
concentrations In air as « v/v emanating upward from the 7% v/v vapour 
source. The concentration contours were found to be aymmecrlcal about 
the eantrelln* of the box and thus only one-half of the contours are 
shown from the aouros Co one and of tha cbM^mr. 

The upper figure preaents tha axperimaiTtal data at 95 hours and 
demonstrates that the acetone vapours had moved upward and outward from 
the source coward the open top surface. Concentration contours range 
from 0.5 to 2.51 v/v and have shapes that are consistent with 
diffuslonal transport. The low slopes of the contours imply lateral 
movement due to body forcea acting on a heavier vapour. Bo pressure 
build-up was detected at the source as the vapour moved outward into the 
air filled soil pores. 

Tha lower figure shows tha transi>ort modal almlatlons mftat 95 
hours of experiment time. The slBulatad vapour coneencration contours 

have Che proper shape but tend to exo.ed th. measured data at all 
coneencracions. The simulations were carried out with Blrlchlet 
boundary at the source »nd a Cauchy boundary uaing a radiation condition 
at cha open surface. All input parameters were measured or estimated 
and no curve fitting was done. As a consequence, the transport modal 
simulations were thought to be reasonably good. 

Pent.ne as a gottom Source 

Expetlmanca identical to those using liquid acetone as a bottom 
vapour source were performed with liquid pentana. Examples ot the 
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experimental results ofatainad are preaanted in Figuraa 6 and 7 for 24 
and 72 hours of transport respectively. Tha upper porclons of Figures 6 
and 7 show tha experimental data collected as concentration {» v/v) 
contours. The progress of the heavier pontane vapours moving through 
Che prevlouely air-filled soil pores la shown by comparing the two 
figuraa. From 24 to 72 hours, the contours have moved laterally and 
upward from Che U« v/v vapour aource toward the open surface consistent 
with the diffusion ot a heavier vapour. Lateral migration la ahown to 
have occurred coward the sealed boundary at the left edge of the graph. 
Extenalv* lacaral altradon would be expected under certain field 
condition* . 

The almulaclons parfomad at the two tiiaes are shown In the lower 
portion of the figures and are seen to bo excellent. Once again, the 
slmulacions were performed with measurad or asclBsted data and no curve 
(fitting to the experimental data wa. performed. The transport model was 
Judged to function extremely well in this caae. 

Pentane as a Suanendad Source 

The 2-D flux chamber waa also used to slmulste field situations 
where solvents have been spilled and remain as Interstitial fluid within 
the vadose lona . This can then serve as s source for subsequenc vapour 
transport- To accomplish this, s source ot pantane vapour (11% v/v) waa 
Introduced at Che centreline of the chamber and 0.75 m above the bottom. 
The movement ot vapours away from the aource was then tracked and Is 
represented In Figures S and 9 for 12 and 72 hours respeccively. Tha 
vapours are shown to have moved outward radially from the source with 
increased transport down and then outward. This is consistent with the 
diffuslonal together with Che body force driven flow of a heavier- than- 
air vapour such as pentane. The progress of the vapours la seen through 
comparisons ot the two figures. The vapours are being vented at the 
open top surface and excluded at tha seeled left-hand boundary. The 
results confirm chat such situations In the field could produce vapours 
at depths much greater than the accual spill location. These vapours 
could. In turn, then contaminate the groundwater through dissolution. 

The tranaporc model slmulacions performed for tha two times are 
shown in the lower portions of the figures. These are seen Co be 
excellenc without the aid ot curve fitting. 

2.3 CffBMftflC 

The experimenta performed, a sample of which have been presented 
here, have demonstrated aome Important crsTMla in vapour transport in 
•oil. In particular, theae relate to the relative Impact of diffuslonal 
flow along concentration gradients, advecclve flow along pressure 
gradients and vertical flow due to body forces. The results are of 
value in spite of the specialized conditions of tha work such as 
laboratory acale. single soil types, low soil moisture concents and 
single vapours. 

The research has alao ahown that the 2-D vapour transport Bodel, 
AD2D. Is capable of producing excellent simulations of experimental 
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MiuUi Th« .ucc... of ch. .iKiUtion. .pp..r to b. »r. dep.nd.rvc on 
th. qu.llty of th< Input lnfora»tlon th.n on th. sodol «nd It. 

gfERlHQIT? TO ESTIMATE THE ADSOB P TIOS OF VAPQims OtTTn SnTT 

Part of chl. r.M.rch effort uu conmltt.d to d.veloplng nochodi 
■ind then using the. to quantify the .d,orptlon of v.pour. onto .oil 
Th. tr.n.port .od.l AD2D h.t ch. c.p.blllty of Including v.pour 
ad.orptlon during tran.port but UtcU d.t. u.r. .v.ilabl. .t th. tlM 
of th. study to sllow Inclusion of this process. 

A MChod US. d.v.lop.d b.s.d on th. uork of Thlbods.ui (1984) ,nd 
ui.d for s.ver.l .dsorptlon sxperlMnts Involving thre. .oils. . cl.y . 
w.U.gr.d.d s.nd and a poorly-gr.d.d Ottawa .and and ..v.r.l vapour. 
Including pentan. . .c.ton. and crlchloro.thyl.n. (TCE) . 

The appar.tu. usad and shorn In Flgur. 10 conil.t.d of a 21 4 L 
...l.d glass d.ssIc.tor fltt.d vlch a pr.s.ur. r.l.as. v.lv. conn.ct.d 
to a wat.r se.l. Saapl.. of soil w.r. sdd.d to JO ■! J.rs and th. Jars 
plus soil v.r. than «lghed .nd plac.d Into th. d.ssicator. V.rtou. 
volum.s of ll,uld conc.ln.nt w«r. pl.cad In th. botto. of th. 
d.ssloator and the top of th. dassloacor was than ss.l.d In pl,c. 11,, 
vapour concentration produc.d d.p.nd.d upon th. volua. of Uould addad 
as did th. pr.ssur. build-up In th. d.sslc.tor. Th. v.pour was .llow.d 
to b. In contact with th. soil for 24 hour, and ch. r.sldual vapour 
eonc.ntration vas than d.t.n.ln.d through .itr.ctloi, at th. saaplln. 
w!f K ^ ," '*'"*'",■>'■ "' "P'""* •"« th. saapl. J.rs then ...l.d and 
r^nf, , Z""'^"' '""""<* -sight du. to vapour adsorption. 
Controls using soll-fr.. J.r, „.„ run to account for adsorption onto 
th. glass. Tests war. p,rfo.n..d to quantify th. tin,. n..d.d for 
.qulUbrl™ to b. r..ch.d. th, .ff.ct of ..Ixlng th. soil and the .xt.nt 
ot desorptlon under atmospheric conditions. 

Ih. results of th. work war. axpr.ss.d a. adsorption l.otherM- 
».ss of contaminant adsorb.d (q) tn g of cont«»ln.nt par 100 g soli 
plotted against equlUbrlua vapour phas. eoncantraclon (c) In t v/v An 
.»a»pl. of the result, obtained I, found In Flgur. U showing Fraundllch 
isotherms for acetone adsorb.d onto sand <0.9» H,0 w/w) and clay (0.1% 
HjU w/w) Th. saturated actone vapour eonc.ntration In air was 
..ttaat.d to be approxlMt.ly 26» v/v ,t ch. av.rage .xp.rl»ental 
taaperatur. of approxt»»t.ly 22" C. o r 

Th. data In Flgur. U .how that mich aora acton, vas adsorbed onto 
Ch. clay soil than onto th. sand. Th. data follow th. F.undllch fori, 
until a vapour eonc.ntration ot approxlnacly Itt V/V or about 701 of 
th. v.pour saturation In sir. At this point, th. .pp.r.nt adsorption 
Increased draatatlcally and this was found to be th. cas. In .11 of ch. 
.xp.rt..ncs run Th, r.ason for this nib.tantlal Incr.as. 1, not known 

^h! <T" V"t J "'" '"'"""■ ""1™«lon -.. beginning to occur on 
th. soil and that this, in Cum, ud. it („. that th. .as, adsorb.d was 
Increasing. 

Since Che sdlls v«re extremnly dry. ch* conC-«itn«r,c removal In ch« 



Freundllch ■•cclon of the curv« was •ctrlbuted Co adsorption, Che 
dlMAoluClon laCo pore wAcar having been elinltiA^ed. 

Similar rksulcs were obc«lned for ocher volacHt chealeals and 
Chosa for TCE are shown In Flgur* 12. 

The results obtained from these expftrlnents showed thst adsorpciLon 
of Che chemicals used in Che vapour transporC experiiaencs chrau^ sand 
was nagliglble. The adsorption componenC of the AD20 transporC model 
was chere£ore not used in Che slmilaclons discussed in the previous 
sBCtlon. Adsorption onco clay soils was however wore slgnlflcanc and 
thus, ch* IsochenM produced will be of use In sLnulaclons Involving 
these soils. 

Furcher studies will be perfonsed with wee soils and Che results 
conpared to those of Che current InvesClgacton . The separate 
quanciflcaclon of dissolution and adsorption should be possible. 

EXPERIMENTS ON THE USE QF FORCED AIR VENTING TO RSMOVE VQUTILE PRCAKICg 
FROM SOIL 

Forced air venclt^ Is an important naans for the reaoval of 
volatile organic liquids fron soil either wlchln the vadosa zone or as a 
pool on cop of Che rone of saturation. There are frequent references in 
the llcaratur* co the use of forced air venting the field but liccle 
Iniorvacion La available on the fundaiMntal processes involved; 

1. The range of air flow rates possible. 

2. The effect of spill shape and geometry on recovery efficiency. 

3. The Ispacc of soil type, stratlf Icaclon and moisture content 
on recovery efficiency. 

4. The extent of contaalnant recovery possible. 

As a result, this laboratory scale research project was undertaken 
CO exanina some of these fundemenCal concerns and to assise Che 
predictability of systea performance. The work Is still In progress but 
soiie preliminary results ere available and these are presented 
subsequently. The work plan calls for the following experlnerfcol 
component s : 

1. One-diaensional columns and 2-D flux chamber experlDents vlch 
aquipmenc similar to chaC used In the vapour transport work. 

2. Varying sizes and ahapas of "spills" 

3. Air flux rates ranging up to i* L.ca' . hr* 

4. Soils ranging from coarse sand to sandy silt. 

5. Soil moisture contents ranging from dry ( U H2 w/w) to field 
capacity. 

6. Two cheaicals, hexane and TCE. 



To this point in the rasaarch, several experiaents have bean 
performed using a 1-D colimn (60 cm long, 10 cm diameter), dry sand (K - 
10 cB.s ) and hexane. Two rocometers one on the sir Intake and the 
other on the axhausc gas strean were usad Co aeasure gas flow rates 
while a pressure transducer detected pressure differences across the 



■oil coluNn. 
the coluan. 



Two dlff*r«nc awtbods were used to introducs h«x«ne into 



1. Hex«n« Regtdual in Soil at the Colunn Base 

Hexana was introducad Into the bo t ton of tha sand coluam to a 
height of approxloately 1^ ca and then allowed to drain leaving a 
raaidual of liquid within the soil. The column had been weighed 
previously and was then weighed subsequently to determine the anouni of 
hexane renainlng In the soil. An air flow rate of 1.32 L.cm . ht wns 
Introduced Into the base of the coluoin and the exhaust gas flow rate and 
hexane concentrations were measured. The data presented in Figure 13 
were collected and show that tlie saturated concentration of hexane 
vapour in air (19% v/v) was reached In the exhaust gas in about 30 
■ inutes . It remained at that value until approximately 60 nilnucas at 
which tlnte the concentration reduced quickly to near zero. Subsequent 
weighing confirmed that nearly 100% of the hexane had been recovered. 

Because oC the vapourlzatlon of liquid hexane, the exhaust gas flow 
rata was significantly greater than the inlet air flow rate. The 
pressure drop across the column reduced f roa approxl&ately 1 . 5 kPa at 
the start to 1.3 kPs at the end due likely to the Increased gas 
conductivity as the liquid hexane was reaoved froa the soil pores. 



In a ftubaequent experli 
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the air flow race was reduced by one- 



half Co 0.66 Lea . hr' . The exhaust gas vapour concentration reached 
saturation at about the sane tlse but reaained there for twice as long 
as the previous cxperlaent and then dropped to zero abruptly. 

The trend observed in this experlnent where the exhaust vapour 
concentration builds up to saturation and stays there until depletion, 
is consistent with expectations In the design of field systens . In 
these experlnents all the air supplied passed through the zone of 
contaninatlon. In nany field cases , however, it Is likely that a 
substantial portion of the induced alt flow will by -pass the zone of 
contaninatlon. In these cases. It is therefore not possible to predict 
the exhaust gas vapour concentration, the tine required to vent the zone 
and the recovery efficiency. 

2. Hexane Residual as a Cylindrical Slug Within tho. Soil 

In these experlnents, hexane was Introduced into the colunn through 
a smaller diameter brass tube and allowed to drain creating a 
cylindrical slug of hexane with the soil. The cylinder was weighed to 
deternlne the uass of hexane remaining. Forced air was then passed 
upward through the column in a direction along the axis of the slug (and 
the colunn). Inlet and outlet gas flow rates and pressure differentials 
across the colunn were neasured. 

TH* rvaults of Clv« experlnents are shown In Figures 14 and 13. 
The nass of hexane in the experiments was 20, 30 or 40 g and the Inlet 
•if flow rate was 0.75 or 1.5 L.cn' . hr* . In these experlnents. the 
total Inlet air flow did not pass throu^ the zone of contaninatlon and, 
as was expected, the exhaust gas was not saturated with haxane. 
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Th« <Ut« in Figure 14 also shov chat the exhaust gas concentration 
depends on both the aass of hexane present In the soil «nd the air flux 
rate. The highest concentrations occurred wlEh Che hlgttest initial 
liquid hexane concentration (40 g) and the lowest air flux rate (0.75 
L.cai" . hr* ) . Conversely, the lowest concentration occurred with the 
lowest initial liquid hexane concentration (30 g) and the highest air 
flux rate (1.50 L.co''. hr'^). However, the tlae required to strip the 
ttexane coapletely reduced with Increased air flux rate. 

Figure 15 shows thet the rate of hexane remove! Increased with 
increased air flux rate and was independent of initial hexane 
concentration at the 30 and 40 g levels. At the 20 g initial hexane 
level but at an e<|ulvalenc air flux rate, the rate of hexane reaoval 
bccaisa dependant upon the initial hexane level. 



In all expecliuiica , 
experienced. 



3. SmBftQ£ 



In excesB of 95% recovery of hexane was 



the results of the forced air venting experlaente are only 
preliilnary but certain laportsnt trends are evident at this tl«e The 
Host inportant Is that Che aaauaptlon of saturated vapour concentrations 
In the exhaust gee at a site where forced ale venting Is used is not 
Justified unless ail the air passes through the zone of contaninatlon. 
This La unlikely to be the cese In nust field applications. The results 
Co date have also shown that the exhaust gas vepour concentration and 
Che tiise to echleve complete rcaoval depend heavily on Che air flow 
rate, the mass of contaminant spilled and the geosetry of the spill. It 
la anticipated that further experimentation will allow these 
dependencies to be quanclfted for use In system design. 
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l-D vapour flux colu»i with aourca space at the cop 
and bottoa 

2-0 vapour flux chaabar »lth aourca addttlona at CJia 
ot auapandad In tha aoll 

Downward flux of acatona vapouri through dry aand: upper, 
axparlMntal data; lowar. alBulacions 

Upward flux of acacona vapouri through dry aand; upper. 
axparlaental data; lower, ii»ulatlon» 

Acatona vapour flux In ID chaabar fro» bottoa aourca 
after 95 houra: upper, data; lower, itaulations 

Pantane vapour flux In 2-0 ehaiabet (toa bottoa aourca 
after 24 hours: upper, data; lowar. alaulatlons 

Pentane vapour flux In 2-D chaabar troa bottom sources 
after 72 houra: upper, data; lower, .liauUtlons 

Pantana vapour flux In 2-D chaabar froa suspended source 
after 12 houra: upper, data; lower, slaulatlons 

Pentane vapour flux In 2-D chaabar froa suspended source 
after 72 hours: upper, data; lower. slBulatlons 

Apparatus used to aeaaure vapour adsorption onto soil 

iBOthatna for acatona adaotptlon onto dry clay and sand 
aolls 

laocbaraa for trlehloroethylane (TCE) onto dry soils 

Haxana vapour coneantratlona In gaa axhauatad froa soil 
during l-D forced air venting experiaents: source as 
residual haxana across the base of tha soil 

Hexane vapour concentrations in gas exhausted froa soil 
during l-D forced air venting axperlaents: source as 
ralldual haxana In a slug within the colusm 

Cuaulactva aais of haxana axhauatad froa l-D forced air 
venting axperlaents : source as residual hexano In a slug 
within the column 
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